Abstract -This paper presents a compact ultra-wideband (UWB) bandpass filter with sharp selectivity, wide notched-band, wide out-of-band rejection, and approximately flat group delay. The proposed filter structure comprises of a U-shaped open-circuited line that is inter-digitally coupled to the input/output feed-lines using high impedance lines. The structure generates multiple resonant modes across the UWB span between 3.1 and 10.6 GHz, however high coupling between the feed-lines and the U-shaped structure transforms the discrete resonant modes into an UWB bandpass filter. Coupling is enhanced by inserting dielectric slots in the groundplane immediately under the coupling-lines. A wide notched-band is implemented by introducing asymmetry in the coupled lines. This was achieved by making one of the coupling lines longer by folding it and extending the line to partially couple with U-shaped structure. The length of the extended coupled line and the position of the folded section determine the center frequency of the notch-band and its 3-dB bandwidth. The notch was designed to be centered at 5.5 GHz with appropriate 3-dB bandwidth to blocking interference from WLAN signals. The selectivity of the filter was enhanced by loading the U-shaped structure with a T-shaped open-circuited stub to generate two additional resonant modes in the filter's passband and two transmission zeros that were strategically located at the upper and lower cut-off frequencies of the filter. The design was fabricated and its performance verified. The proposed filter has dimensions of 9.4 9.9 .
Introduction
UWB communications systems need to operate across a very large transmission bandwidth, namely 3.1 to 10.6 GHz [1] , and filters play an important role in determining the systems' overall performance. Such systems require UWB bandpass filters (BPF) to have a lower pass-band insertionloss, high selectivity, higher out-of-band rejection, and flat group-delay. Hence, the design of such filters is a non-trivial task which presents a challenge for design engineers [2] - [21] . Multimode resonators (MMR) have been shown to present a viable solution of designing UWB BPFs, and various MMR configurations have been reported to date [2] - [7] . Another essential requirement of UWB BPFs is to eliminate undesired interference from coexisting wireless communication systems such as WiMAX at 3.5 GHz, WLAN at 5.5 GHz, RFID at 6.8 GHz, and satellite communication at 8 GHz. This necessitates the use of single or multiple notch-band filters. Various methods and configurations have been reported that incorporate the notch-band functionality within the UWB BPF to save space [8] - [21] . In [8] and [9] notched-band at 5.6 GHz and 6.6 GHz, respectively, were realized by using asymmetric coupling lines but the selectivity of these filters is poor and its performance fall short of the UWB frequency range. In [10] , quarter-wavelength spur lines were embedded in the resonator to create a notched-band centered at 5.69 GHz with a 3-dB notch bandwidth of 18%. In [11] a spiral slot is used to generate a notched-band around 5.5 GHz. A ring resonator with two stepped-impedance stubs is used in [12] to produce a notched band. Although this UWB filter had good selectivity performance however it is relatively large in size. In [15] a narrow slot embedded within the resonator is shown to produce a bandstop but its selectivity and size needs to be improved for practical applications. A radial stub loaded resonator in [16] is shown to produce a notched band at 8.0 GHz but its upper stopband falls short of the UWB frequency range. Lately, quadruple-mode notched-band UWB BPFs have been reported in [17] [18] that have a wide upper stopband. In [18] , the notched-band is achieved around 5.6 GHz using short-circuited stub which in practice introduces a level of complexity. Recent works in [19] - [21] report UWB BPFs with dual or triple notched-bands. However, these filters suffer from poor selectivity. Although extensive investigation has been conducted on UWB BPFs there is still a requirement for such filters that meet stringent requirements of sharp rejection skirts, wide upper stopband, notched-band functionality, and compact size.
In this paper, a compact notched-band UWB BPF structure is presented that exhibits high selectivity, approximately flat group delay and high out-of-band rejection over a wide frequency range. The triple mode resonant structure is realized using a U-shaped open-circuit resonator of uniform characteristic impedance which is tightly coupled with the input/output feed-lines using interdigital coupled lines. Notched-band is implemented by introducing asymmetry in the inter-digital coupled lines. The notch was centered at around 5.5 GHz to blocking interference from WLAN signals. The selectivity of the filter was enhanced by adding two additional resonant modes in the filter's passband and two transmission zeros near its upper and lower cut-off frequencies. This was achieved by loading the U-shaped resonator with T-shaped open-circuited stub. Measured results confirm the compact filter exhibits a sharp roll-off, high selectivity and high out-of-band rejection over a wide frequency span with an almost flat group delay. The filters performance includes a notched-band between 5.14 and 5.84 GHz of a high rejection level. Fig. 1(a) shows the initial configuration of the proposed UWB bandpass filter that comprises of input and output feed-lines that are directly coupled to a U-shaped open-circuited transmission-line of uniform characteristic impedance using high impedance inter-digital coupled lines. The U-shaped structure in combination with the high impedance coupling lines behaves analogously to a multimode resonator. The characteristic impedance of the MMR structure is higher than the feed-lines, which contributes to size reduction. Inter-digital coupled lines are used to provide tight coupling between the MMR and 50 Ω input/output feed-lines. The lengths of the high-impedance coupling lines and the Ushaped low-impedance line are and , respectively, where is guided-wavelength with respect to center frequency GHz. The inter-digital coupled lines can be modeled in terms of a J-inverter network.
Notched-Band UWB Bandpass Filter a) UWB Filter Topology
Since the MMR structure is symmetric, the even-and -odd mode technique can be applied to analyze it. The even-and odd-mode equivalent circuits of the proposed MMR are shown in Fig. 1(b) and (c), respectively. From the following resonant conditions: ǡ ௩
and ǡ ௗௗ , the evenand odd-resonant frequencies can be determined using:
Fig . 2 shows the three distinct resonate modes ( ଵିௗௗ , ଶି௩ , and ଷିௗௗ ) excited by the structure under weak coupling ) which are equally distributed within the desired band, i.e. 3.1~10.6 GHz. However, by increasing the degree of coupling ) results in a generating a single passband response whose 3-dB bandwidth extends over the span of the UWB frequency range.
b) Notched-Band Implementation
A wide notched-band was implemented in the UWB BPF by introducing asymmetry in the interdigital coupled lines. This is achieved by making the inner coupling line longer by folding it and extending the line to partially couple with U-shaped structure, as shown in Fig. 3 . The results discussed below show the length of the extended coupled line determines the center frequency and 3-dB bandwidth of the notch, and the position of the folded sections also has bearing on the notch's center frequency. The notch was centered at around 5.5 GHz to blocking interference from WLAN signals. In order to enhance the filter's selectivity the U-shaped resonator was loaded with a T-shaped open-circuited stub that generates two additional resonant modes and transmission zeros (TZ) which were strategically located at the lower and upper cut-off frequencies.
It's discernible from the simulation analysis in Fig. 4 (a) that as the length of the inner coupled line extension ( is increased slightly from 1 to 1.5 results in the center frequency of the notchedband to decrease from 5.58 to 5.19 GHz, and its 3-dB bandwidth to increase from 0.3 to 0.55 GHz.
The position of the folded coupled line ( too controls the center of the notched-band as shown in Fig. 4(b) . In fact an increase in from 1 to 2 mm shifts the center frequency upwards from 5.59 GHz to 5.78 GHz. The width of the fold ( ሻ also affects the location of the notched-band to a lesser extent. When is varied from 0.1 to 0.3 mm, the center frequency of the notched-band decreases from 5.67 to 5.55 GHz, as shown in Fig. 4(c) . The proposed asymmetric coupling structure provides three parameters of the coupled line that can be used to finely tune the center frequency and 3-dB bandwidth of the notched-band.
c) Selectivity Improvement
Filter selectivity is important as it determines the degree to which the filter suppresses the effects from noise and interference. To increase the selectivity in the proposed UWB BPF it was necessary to introduce two additional resonant modes in the filter's passband and two transmission zeros which were located at upper and lower cut-off frequencies. This was achieved by loading the U-shaped resonator with a T-shaped open-circuited stub, as shown in Fig. 5(a) .
The resonance characteristics of U-shaped MMR loaded with the T-shaped stub as a function of stub parameters L T and W T is shown in Fig. 5(b) . When is increased from 0 to 3.5 the two resonate modes ( ்ଵ and ்ଶ ) and the two TZs ( ௭ଵ ௭ଶ ) distinctly move to lower frequency as shown in Fig. 5(b) . This also applies by varying ் . The frequency of the resonance modes and the two transmission zeros were thus strategically located at the upper and lower cut-off frequencies to sharpen the rejection skirts. As the T-shaped stub is loaded at the center of U-shaped MMR, it has no affect on odd modes, i.e. ଵିௗௗ and ଷିௗௗ , however it slightly effects ଶି௩ .
Optimized MMR Structure and Measurement Results
The MMR structure with five resonant modes ( ்ଵ , ଵିௗௗ , ଶି௩ , ଷିௗௗ , ்ଶ ) and two TZs ( ௭ଵ , ௭ଶ ) enables a highly selective UWB filter. The inclusion of asymmetry in the coupling lines between the Ω input/output feed-lines and the MMR provides a notched-band necessary to mitigate interference with WLAN signals. The final configuration of the proposed filter is shown in Fig. 6 where the T-shaped stub is modified to occupy less space and make overall circuit size more compact. Input/output feed-lines are rotated by 90 degrees and its corners chamfered to reduce reflection. The coupling with the MMR was enhanced by introducing a dielectric slot in the ground-plane which is located under the coupling-lines. The slot allows the realizable gap between the coupling lines. From a practical point of view another feature of this structure is the absence any short-circuits, which is the case for stubs reported in [14] [15] [19] . The proposed filter is simpler and therefore cheaper to fabricate. Proposed filter was constructed on the Rogers RO4003 substrate with relative dielectric constant:
, thickness: and . The circuit size of the filter is 9.4 9.9 or 0.35 0.37 . Photographs of the fabricated notched-band UWB BPF are shown in Fig. 7 .
The performance of the filter was measured using Agilent E5071C Network Analyzer. Fig. 8 shows the simulation and measurement S-parameter results of the proposed filter. There is generally good agreement between simulation and measurement results, and any discrepancy is attributed to manufacturing tolerance and non-precise SMA connection.
It can be seen in Fig. 8(a) , the simulated 3-dB passband is between 3.15 and 10.47 GHz, i.e. a bandwidth of 7.32 GHz which is centered at 6.81 GHz, The fractional bandwidth (FBW) is 107.49%, which is in good agreement with ideal UWB BPF specification. The filter exhibits sharp passband selectivity with TZs placed near the edge of the passband at 2.98 and 10.84 GHz. The corresponding passband edge measured is at 3.08 and 12.35 GHz. The skirt factor ( ) is used to evaluate the selectivity of the filter which is defined as fraction of 3-dB bandwidth to 30-dB bandwidth of the passband [6] . The S.F. of the proposed filter is 0.942, which is very good and much better than the notched-band filters reported in [8] - [21] . The simulation shows a notched-band between 5.14 and 5.84
Prof Virdee GHz, with a rejection level of 48.33 dB centered at 5.49 GHz, and 3-dB FBW of 12.75%. The measured notched-band is between 5.04 and 5.79 GHz with a rejection level of 36.27 dB centered at 5.42 GHz, and 3-dB FBW of 13.85%. The agreement between the simulation and measurement results on the notched-band is excellent. The measured results confirm the proposed UWB filter is capable of suppressing WLAN bands, i.e. 5.2 and 5.8 GHz from 5.15 to 5.825 GHz. The filter's group delay, shown in Fig. 8(b) , has good linearity across the UWB passband. A comparison is provided in Table 1 of the key features of the proposed filter with reported other notched-band UWB filters.
Conclusion
It was shown that a U-shaped open-circuited structure that is capacitively coupled to the input/output feed-lines with high impedance microstrip lines generates multiple resonant modes. By increasing the coupling between the coupled lines the structure can be transformed into an UWB filter. By introducing asymmetry in the coupling line results in the creation of a notched-band with high rejection level inside the passband of the filter, and whose bandwidth and center frequency can be controlled by simply manipulating the dimensions of one of coupled lines. The notched-band was located to mitigate the interference from WLAN systems. The selectivity of the filter was improved by introducing two additional resonant modes within the passband and transmission zeros at the filters upper and lower band edge. The resulting UWB bandpass filter is compact in size and exhibits high selectivity and a wide notched-band with a high rejection level as well as a wide out-of-band rejection. 
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